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Abstract: Human skin is composed of three layers, of which the dermis is composed of an extracellular
matrix (ECM) comprising collagen, elastin, and other proteins. These proteins are reduced due to skin
aging caused by intrinsic and extrinsic factors. Among various internal and external factors related to
aging, ultraviolet (UV) radiation is the main cause of photoaging of the skin. UV radiation stimulates
DNA damage, reactive oxygen species (ROS) generation, and pro-inflammatory cytokine production
such as tumor necrosis factor-alpha (TNF-α), and promotes ECM degradation. Stimulation with ROS
and TNF-α upregulates mitogen-activated protein kinases (MAPKs), nuclear factor kappa B (NF-κB),
and activator protein 1 (AP-1) transcription factors that induce the expression of the collagenase
matrix metalloproteinase-1 (MMP-1). Moreover, TNF-α induces intracellular ROS production and
several molecular pathways. Skin aging progresses through various processes and can be prevented
through ROS generation and TNF-α inhibition. In our previous study, 2-O-β-D-glucopyranosyl-
4,6-dihydroxybenzaldehyde (GDHBA) was isolated from the Morus alba (mulberry) fruits and its
inhibitory effect on MMP-1 secretion was revealed. In this study, we focused on the effect of GDHBA
on TNF-α-induced human dermal fibroblasts (HDFs). GDHBA (50 µM) inhibited ROS generation
(18.8%) and decreased NO (58.4%) and PGE2 levels (53.8%), significantly. Moreover, it decreased
MMP-1 secretion (55.3%) and increased pro-collagen type I secretion (207.7%). GDHBA (50 µM)
decreased the expression of different MAPKs as per western blotting; p-38: 35.9%; ERK: 47.9%; JNK:
49.5%; c-Jun: 32.1%; NF-κB: 55.9%; and cyclooxygenase-2 (COX-2): 31%. This study elucidated a
novel role of GDHBA in protecting against skin inflammation and damage through external stimuli,
such as UV radiation.

Keywords: Morus alba; phenolic aldehyde; human dermal fibroblasts; tumor necrosis factor-α;
skin damage

1. Introduction

The skin is the outermost organ and makes up approximately 10% of the human
body. It is divided into three layers: epidermal, dermal, and subcutaneous tissues [1]. The
dermis is composed of the ECM (extracellular matrix), which is composed of proteins,
such as collagen and elastin [2], with each component having a distinct function. Collagen
supports the skin and makes up 70–80% of the dry weight of the skin; elastin provides
elasticity and flexibility in the skin and makes up 2–4% of the ECM. These functional effects
are dependent on various groups of dermal cells, such as dermal fibroblasts [3,4]. The
functional effects of the dermis decrease as the skin ages due to several internal and external
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factors. Internal factors include hormone levels and genotypes, whereas external factors
include lifestyle, chemical pollution, and ultraviolet (UV) radiation [5,6].

UV radiation is a major external factor causing photoaging of the skin; it induces
DNA damage, denaturation of proteins, and production of reactive oxygen species (ROS)
in the skin and triggers the degradation of the ECM [7]. ROS plays an important role in
chemical breakdown, causing damage to biological structures, and food spoilage. Excessive
ROS production can cause protein denaturation and lipid peroxidation. It also interferes
with antioxidant defense mechanisms and induces inflammatory responses [8,9]. ROS
generation increases collagenase matrix metalloproteinase (MMP-1, MMP-3, and MMP-9)
synthesis and degrades collagen in the dermis [10]. Furthermore, UV radiation induces
the inhibition of the transforming growth factor beta (TGF-β) signaling pathway that
synthesizes collagen and fibronectin [11].

UV radiation stimulates pro-inflammatory factors, such as tumor necrosis factor-
alpha (TNF-α), cyclooxygenase-2 (COX-2), and interleukin 1 (IL-1) [12]. TNF-α induces
intercellular ROS production and several molecular pathways related to the aging process,
such as mitogen-activated protein kinase (MAPKs), nuclear factor kappa B (NF-κB), and
activator protein 1 (AP-1) [13,14]. MAPKs regulate the transcription factors NF-κB and AP-
1, which promote MMP-1 expression [15]. During this process, skin aging progresses, and
wrinkles, pigmentation, and sagging appear on the skin [16]. Consequently, the inhibition
of ROS production and TNF-α is the key to preventing skin aging.

In a previous study, 2-O-β-D-glucopyranosyl-4,6-dihydroxybenzaldehyde (GDHBA)
was isolated from maqui berry (Aristotelia chilensis) as a novel natural product, but the
oxidative and inflammatory responses of this compound in human dermal fibroblasts
(HDFs) damaged by UV radiation and TNF-α have not been elucidated [17–19]. In our
previous study, we examined plant-derived agents that could prevent skin aging and
found that hot water extract from Morus alba fruits significantly inhibited MMP-1 secretion
in TNF-α-stimulated HDFs [20]. Furthermore, nine compounds, including oddioside A,
from the 21 compounds isolated from the hot water extract significantly inhibited MMP-1
secretion [20]. Therefore, in the current study, we focused on these compounds. Among
the compounds obtained from M. alba fruits, GDHBA exhibited an inhibitory effect on
MMP-1 secretion and structural specificity. Therefore, the effects of GDHBA on oxidative
and inflammatory responses in TNF-α-treated HDFs were evaluated in this study.

2. Results
2.1. Effect of GDHBA on ROS, Nitric Oxide (NO), and Prostaglandin-E2 (PGE2) Levels in
TNF-α-Induced HDFs

In our previous study, GDHBA (Figure 1) isolated from M. alba fruits inhibited MMP-1
secretion in TNF-α-induced HDFs [20], suggesting that GDHBA may inhibit the oxidative
and inflammatory responses that occur during intrinsic and extrinsic aging processes.
Continuous exposure to UV radiation induces the production of pro-inflammatory cytokine
TNF-α and ROS. Excessively increased TNF-α and ROS levels lead to several inflammatory
responses and aging. Therefore, TNF-α and ROS production can be analyzed to investigate
mechanisms similar to the processes involved in UV-mediated skin damage. Therefore,
we examined the expression levels of ROS, NO, and PGE2 to investigate the possible
suppression of GDHBA oxidation in HDFs.
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First, HDFs were treated with TNF-α, which is both an oxidative stress stimulator and
an inflammatory response inducer. The number of intracellular free radicals produced was
measured to determine the level of oxidative stress. Dichlorofluorescein diacetate (DCFDA)
was used as the probe. DCFDA, a non-fluorescent material, exhibits high fluorescence
when de-esterified and oxidized in cells.

As shown in Figure 2A, the fluorescence intensity increased in TNF-α-treated HDFs
compared to that in the normal control cells, whereas it decreased upon treatment with 5, 10,
and 50 µM GDHBA. As shown in Figure 2B, ROS production increased by 1.49 ± 0.0-fold
(p < 0.001) in TNF-α-induced HDFs compared to that in the normal control cells. Mean-
while, ROS production significantly decreased in the GDHBA treatment group compared
to that in the TNF-α treatment group (5 µM: 15.4%, 10 µM: 14.8%, 50 µM: 18.8%). These
results indicate that GDHBA has ROS-scavenging activity.
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Figure 2. Effect of GDHBA on ROS (A,B), NO (C), and PGE2 production (D) in TNF-α stimulated
HDFs. HDFs were pretreated with 5, 10, and 50 µM GDHBA for 1 h and incubated for 15 min and
24 h with TNF-α (20 ng/mL). Scale bar, 50 µm (A,B) Fluorescence intensity, and ROS production
were observed using 10 µM DCFDA for 15 min. (B) Nitrite content in the cell culture supernatant
was measured using the Griess assay. (C) PGE2 production was quantified using an ELISA kit. Each
bar represents mean ± SEM. ## p < 0.01 and ### p < 0.001 versus normal control. * p < 0.05, ** p < 0.01,
and *** p < 0.001 versus stimulus alone.

ROS-induced NO is an inflammatory mediator produced by nitric oxide synthase
(NOS) and is associated with innate immunity [21]. We assessed the influence of GDHBA
on TNF-α-induced NO levels. NO production increased in TNF-α-induced HDFs to
8.90 ± 0.33-fold (p < 0.01). NO production decreased in a concentration-dependent manner
upon treatment with GDHBA compared to that in the TNF-α treatment group (5 µM: 15.7%,
10 µM: 39.9%, 50 µM: 58.4%) (Figure 2C).

Prostaglandins (PGs) are involved in the inflammatory response; among them, PGE2
is synthesized by COX-2 [22]. We examined the influence of GDHBA on TNF-α-induced
PGE2 levels. TNF-α treatment increased the PGE2 level compared to that in the control
group (86.4 ± 1.05 pg/mL, p < 0.01). PGE2 levels decreased in a concentration-dependent
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manner upon treatment with GDHBA compared to that of the TNF-α treatment group
(5 µM: 16.7%, 10 µM: 40.5%, 50 µM; 53.8%) (Figure 2D).

2.2. Effect of GDHBA on MMP-1 and Type I Procollagen (COLIA1) Secretion in TNF-α-Induced HDFs

Collagen is broken down by the collagenase MMP-1; thus, MMP-1 inhibitors may
decrease collagen breakdown during skin damage. Therefore, we investigated whether
GDHBA could prevent skin aging in TNF-α-stimulated HDFs. MMP-1 secretion increased
by 1.70 ± 0.02-fold (p < 0.001) compared to that in the normal control. GDHBA (50 µM)
inhibited the TNF-α-induced increase in MMP-1 expression. MMP-1 secretion decreased
upon treatment with GDHBA compared to that in the TNF-α stimulated group (5 µM:
34.1%, 10 µM: 42.4%, 50 µM: 55.3%). We evaluated the effect of GDHBA treatment on
COLIA1 and observed that TNF-α treatment decreased its secretion (0.13 ± 0.00-fold,
p < 0.001) compared to that of the normal control cells. Decreased COLIA1 concentration
tended to increase by 207.7% after 50 µM GDHBA treatment compared to that of the
TNF-α-stimulated group.

2.3. Effect of GDHBA on Phosphorylation of MAPKs in TNF-α-Induced HDFs

MAPK phosphorylated by UV radiation and TNF-α upregulates the expression of
MMP-1 [15,23]; therefore, the influence of GDHBA on the phosphorylation of MAPKs was
investigated. HDFs were pretreated with 5, 10, or 50 µM GDHBA for 1 h and stimulated
with TNF for 15 min. Western blotting was performed to determine MAPK expression. The
levels of phosphorylated forms of p38, ERK, and JNK increased in the TNF-α-treated group
(p38: 3.12 ± 0.01-fold, p < 0.001; ERK: 1.88 ± 0.02-fold, p < 0.001; JNK: 1.66 ± 0.06-fold,
p < 0.05). However, phosphorylation levels of p38, ERK, and JNK decreased by GDHBA
treatment in a concentration-dependent manner. 50 µM GDHBA significantly suppressed
the phosphorylation of all MAPKs compared to that in the TNF-α-stimulated group (p-p38:
35.9%, p-ERK: 47.9%, p-JNK: 49.4%). GDHBA (50 µM) suppressed p-p38 phosphorylation
level by 35.9%. Moreover, p-ERK and p-JNK levels decreased in a concentration-dependent
manner (p-ERK; 5 µM: 23.9%, 10 µM: 37.8%, 50 µM: 47.9%) (p-JNK; 5 µM: 20.5%, 10 µM:
38.6%, 50 µM: 49.4%).

2.4. Effect of GDHBA on Phosphorylation of c-Jun, NF-κB, and COX-2 in TNF-α Induced HDFs

TNF-α-induced excessive ROS expression increases the phosphorylation of c-Jun
and NF-kB and the expression of COX-2 [24–26]. Therefore, the influence of GDHBA on
the phosphorylation of c-Jun and NF-κB and the expression of COX-2 was investigated.
HDFs were pretreated with 5, 10, and 50 µM GDHBA for 1 h and stimulated with TNF-
α for 15 min and 6 h. MAPK expression was determined using Western blotting. The
phosphorylated forms of c-Jun and NF-κB and the expression of COX-2 increased in the
TNF treatment group (c-Jun: 1.40 ± 0.01-fold, p < 0.001; NF-κB: 10.01 ± 0.12-fold, p < 0.01;
COX-2: 5.81 ± 0.03-fold, p < 0.001). However, phosphorylation of c-Jun, NF-κB and the
expression of COX-2 decreased in the 50 µM GDHBA-treated group (p-c-Jun: 32.1%, p-NF-
κB: 55.9%, COX-2: 31%). Moreover, p-c-Jun and p-NF-κB levels decreased by GDHBA in
a concentration-dependent manner (p-c-Jun; 5 µM: 20.7%, 10 µM: 26.4%, 50 µM: 32.1%)
(p-NF-κB; 5 µM: 21.9%, 10 µM: 23.9%, 50 µM: 55.9%) (COX-2; 5 µM: 39.9%, 10 µM: 30.8%,
50 µM: 31%).

3. Discussion

Humans experience intrinsic aging through hormonal changes or extrinsic aging
through UV radiation, smoking, and chemicals. The skin is directly exposed to external
environmental factors and undergoes aging [27]. UV radiation, one of the several causes
of extrinsic aging, is responsible for skin damage. In recent years, the development of
cosmetics and therapeutic agents to ameliorate these lesions of skin aging has focused on
natural compounds that are free from harmful synthetic materials [28–30]. Therefore, we
investigated the compounds isolated from M. alba fruits that inhibit collagenase expression.
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Fibroblasts, which are mostly found in the dermal layer of the skin and produce ECM
components, endure severe damage during the skin aging process [31]. In aged skin, the
ability of fibroblasts to produce collagen type I is statistically reduced [32]. An important
feature of aging skin is the destruction of fibroblasts, which overproduce collagenase
MMP-1 and reduce the levels of ECM proteins, including collagen and elastin [33]. UV
radiation-induced skin cell damage involves the production of collagenase MMP-1 via
TNF-α and ROS production [34]. TNF-α and ROS activate the phosphorylation of p38, ERK,
and JNK and the phosphorylation of two sub-proteins of AP-1, namely c-Fos and c-Jun. It
also causes the phosphorylation and translocation of NF-κB [15,35]. MMPs degrade ECM
proteins, including elastin and type I collagen [36].

In our previous study, the extract of M. alba fruit and the compounds isolated from
the extract exhibited a protective effect against skin damage [15]. As a follow-up, in this
study, we focused on the effects of GDHBA. GDHBA was first isolated from a maqui berry
(A. chilensis); however, its biological and pharmacological effects have not been reported,
except for its hydroxyl radical scavenging effect [17]. Therefore, this is the first report on
the biological effects of GDHBA at the cellular level.

ROS are formed as a result of normal cellular activity and participate in cell signal-
ing [37]. Cellular ROS levels can be divided into two groups. Certain processes release
ROS through mitochondrial oxidative metabolism and induce ROS signaling pathways as
a part of cellular defense mechanisms against bacterial invasion and cytokines [38]. ROS
causes inflammation in both intrinsic and extrinsic aging, and inflammatory responses
accelerate skin aging. Furthermore, ROS promotes the synthesis of MMPs and induces
collagen degradation [39]. Production of intracellular ROS was investigated to measure the
antioxidant capacity of GDHBA and it was found that GDHBA was effective in suppressing
TNF-α-induced ROS increase (Figure 2A,B).

Inflammatory responses occur when inflammatory mediators, including TNF-α, NO,
and PGE2, are stimulated. NO is an important regulatory and effector molecule with diverse
biological functions [40]. Low concentrations of NO protect the cardiovascular system,
whereas excessive NO expression promotes inflammation and oxidative stress [41,42]. NO
production was investigated to measure the anti-inflammatory and anti-oxidative stress
tolerance capacity of GDHBA, and we found that GDHBA was effective in suppressing
TNF-α-induced increase in NO levels (Figure 2C).

PGs are hormones derived from arachidonic acid and are involved in inflamma-
tory responses and contribute to tumorigenesis [43,44]. PG production increases in UV
radiation-exposed skin, and the level of PGE2, one of the PGs, increases with aging and
skin inflammation [45,46]. The expression of COX-2, an important factor involved in PGE2
synthesis, is upregulated by ROS and TNF-α [22]. We investigated PGE2 production to mea-
sure the anti-inflammatory response capacity of GDHBA treatment and found that GDHBA
was effective in suppressing the TNF-α-induced increase in PGE2 levels (Figure 2D).

MMP-1 is an MMP enzyme that degrades various types of collagen, leading to con-
nective tissue destruction and complete damage to the dermis. The presence of MMP-1
damages the skin dermis, resulting in loss of elasticity, formation of wrinkles, and sag-
ging [47,48]. Conversely, procollagen, the precursor of collagen, promotes collagen protein
synthesis and plays an important role in skin elasticity and structure [49]. Therefore, the
inhibition of ECM degradation may have a protective effect against UV radiation-induced
skin damage. The effect of GDHBA on TNF-α-induced HDFs was evaluated by mea-
suring the changes in MMP-1 and COLIA1 levels, as they affect skin wrinkling. The
results revealed that GDHBA decreased and restored the secretion of MMP-1 and COLIA1,
respectively (Figure 3).

According to several previous studies, MMP expression is a key factor in controlling
skin damage caused by the NF-κB, AP-1, and MAPK signaling pathways [23,50,51]. NF-κB
and AP-1 are phosphorylated in response to the phosphorylation of MAPKs, which are
activated by the p38, ERK, and JNK signaling pathways. TNF-α treatment overinduced
the phosphorylation of p38, ERK, and JNK, which was significantly inhibited by 50 µM
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GDHBA co-treatment (Figure 4). The NF-κB protein complex, triggered by UV radiation,
ROS, and pro-inflammatory cytokines, is crucial for an immune response [28]. Moreover,
activated NF-κB causes collagen degradation by promoting MMP development [52,53].
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COX-2 is a pro-inflammatory mediator that converts arachidonic acid into PGs such
as PGE2, promoting skin aging and inflammatory skin diseases [54]. Inflammatory stim-
ulation of healthy human fibroblasts activates COX-2, and PGE2 assists dendritic cell
movement and promotes IL-23 expression [55]. We investigated whether GDHBA has anti-
inflammatory effects and found that the levels of the phosphorylated forms of c-Jun, NF-κB,
and COX-2 were significantly increased in TNF-α-stimulated HDFs and were significantly
decreased by 50 µM GDHBA (Figure 5).
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Figure 5. Effect of GDHBA on c-Jun, NF-κB, and COX-2 levels in TNF-α-treated HDFs. HDFs were
pretreated with 5, 10, and 50 µM GDHBA (A,B) for 1 h and then incubated for 15 min and 6 h with
TNF-α (20 ng/mL). Western blotting was performed to measure the expression of p-c-Jun, c-Jun,
p-NF-κB NF-κB, COX-2, and GAPDH. Each bar represents mean ± SEM. ## p < 0.01 and ### p < 0.001
versus normal control. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus stimulus alone.

The skin ages due to direct exposure to external environmental factors, and one of
the various external factors–UV radiation–is the main cause of skin damage. Skin damage
causes oxidative stress owing to persistent UV radiation exposure, leading to an inflam-
matory response and wrinkle formation. Fibroblasts are mainly found in the dermal layer
of the skin; they produce ECM components and are one of the most damaged cells in the
process of skin aging. UV radiation-induced damage to skin cells induces pro-inflammatory
cytokines, such as TNF-α, and ROS. They promote the expression of collagenases, such
as MMP-1, causing wrinkles and reduced elasticity. MMPs play important roles in the
process of skin damage and are regulated by the MAPK, NF-κB, and AP-1 signaling path-
ways. GDHBA had inhibitory and restorative effects on MMP-1 and procollagen type I
in TNF-α-treated HDFs and decreased the activation of MAPKs and NF-κB. Therefore,
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GDHBA may effectively inhibit skin damage. Moreover, since GDHBA inhibits the ex-
pression of NO, PGE2, and COX-2, it could have an inhibitory effect against inflammatory
reactions in HDFs.

4. Materials and Methods
4.1. Isolation of GDHBA

GDHBA was isolated from M. alba fruits (mulberry) as previously described [20]. Briefly,
a hot water extract (1.0 kg) was obtained from fresh mulberry (5.0 kg), which was subjected
to chromatography on a Diaion HP-20 column to obtain 21 fractions (Fr.1–Fr.21). Fr.8 was
fractionated further by silica gel column chromatography to obtain GDHBA (4.6 mg).

4.2. Sample Preparation

GDHBA was dissolved in 10 mM dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis,
MO, USA). TNF-α (PeproTech, Rocky Hill, NJ, USA) was dissolved in 1% bovine serum
albumin fraction V (BSA; Merck, Darmstadt, Germany) solution and stored at −20 ◦C.

4.3. Cell Culture

HDFs were obtained from PromoCell GmbH (Heidelberg, Germany). The cells were
cultured in DMEM containing 10% fetal bovine serum (FBS; Atlas, Fort Collins, CO, USA) and
1% antibiotics. Subculturing was performed till the cells reached 80–90% confluency in 100 mm
dishes. Cell culture was performed in an incubator maintained at 5% CO2 and 37 ◦C.

4.4. Cell Viability

HDFs were plated in clear bottom 48-well cell culture plates (2 × 104 cells/well) and
incubated for 24 h; the culture medium was changed to serum-free medium (DMEM with-
out FBS) and incubated for 24 h. Then, the cells were treated with a specific concentration
(µM) of GDHBA and incubated for 24 h. To evaluate the cytotoxicity of GDHBA, the
supernatant was discarded, 10% EZ-Cytox solution in serum-free medium (DoGenBio,
Seoul, Republic of Korea; 100 µL per well) was added, and the plate was incubated for 1
h. Absorbance was measured using a SPARK 10M microplate reader (Tecan, Männedorf,
Switzerland) at 450 nm.

4.5. Enzyme-Linked Immunosorbent Assay (ELISA)

HDFs were plated in clear bottom 48-well cell culture plates (2 × 104 cells/well)
and incubated for 24 h; the culture medium was changed to serum-free medium (DMEM
without FBS) and incubated for 24 h. The cells were treated with 5, 10, and 50 µM GDHBA
for 1 h before exposure to 20 ng/mL TNF-α for 24 h. Absorbance was measured using a
SPARK 10M microplate reader at 450 nm.

4.6. ROS Assay

HDFs were plated in 96-well black plates (1 × 104 cells/well) and incubated for
24 h; the culture medium was changed to serum-free medium (DMEM without FBS) and
incubated for 24 h. Then, the cells were treated with 5, 10, and 50 µM GDHBA for 1 h before
exposure to 20 ng/mL TNF-α and 10 µM DCFDA (Sigma-Aldrich) for 15 min. Fluorescence
was measured using a SPARK 10M microplate reader at 485/535 nm.

4.7. NO Assay

HDFs were plated in 96-well black plates (1 × 104 cells/well) and incubated for
24 h; the culture medium was changed to serum-free medium (DMEM without FBS) and
incubated for 24 h. The cells were treated with 5, 10, and 50 µM GDHBA for 1 h before
exposure to 20 ng/mL TNF-α for 24 h. Griess assay was performed to measure the
concentration of nitrite in the supernatant. The supernatants were incubated with 1%
sulfanilamide, 0.1% N-(1-naphthyl)-ethylenediamine, and 5% phosphoric acid for 10 min
at room temperature. Nitrite content was measured using a SPARK 10M microplate reader
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at 540 nm. The level of NO produced in each sample was determined using a standard
sodium nitrite (NaNO2) curve.

4.8. Western Blotting

HDFs were plated in clear bottom 6-well cell culture plates (3 × 105 cells/well) and
incubated for 24 h; the culture medium was changed to serum-free medium (DMEM
without FBS) and incubated for 24 h. The cells were treated with 5, 10, and 50 µM GDHBA
for 1 h before exposure to 20 ng/mL TNF-α for 15 min or 6 h. Cell samples for the
investigation of MAPK, c-Jun, and NF-κB expression were exposed to TNF-α for 15 min, and
the samples for the investigation of COX-2 expression were exposed to TNF-α for 6 h. After
washing with DPBS, the cells were lysed using 1× radioimmunoprecipitation assay (RIPA)
buffer (Tech & Innovation, Gangwon, Republic of Korea). The protein concentration was
quantified using a BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Equal
amounts of protein were loaded onto polyacrylamide gels and separated by electrophoresis.
The proteins were then transferred onto polyvinylidene difluoride (PVDF) membranes.
The membrane was placed in TBS-Tween20 (TBS-T; Thermo Fisher Scientific, Waltham,
MA, USA) containing 5% skim milk and allowed to react for 1 h. Primary and secondary
antibodies were incubated overnight at 4 ◦C and room temperature, respectively, for 2 h.

Finally, protein bands were observed using Super Signal® West Femto Maximum Sen-
sitivity Chemiluminescent Substrate (Thermo Fisher Scientific) and a Fusion Solo Chemilu-
minescence System (PEQLAB Biotechnologie GmbH, Erlangen, Germany). Protein bands
were quantified using the ImageJ program (TotalLab, Newcastle, UK).

4.9. Statistical Analyses

GraphPad Prism version 8.0.1 (GraphPad Software Inc., La Jolla, CA, USA), a statistical
program, was used to analyze the experimental results. Data are expressed as mean ± stan-
dard error of the mean (SEM). After analysis by one-way ANOVA, statistical significance
was confirmed by Tukey’s test at p < 0.05.

5. Conclusions

We investigated the effect of GDHBA, isolated from M. alba fruit, on damage to
TNF-α-induced HDFs. GDHBA decreased oxidative stress-induced ROS levels in TNF-α-
stimulated HDFs and decreased the expression of the inflammatory mediators NO and
PGE2. It also inhibited MMP-1 expression and increased COLIA1 secretion. GDHBA
suppressed the phosphorylation of p38, ERK, JNK, c-Jun, and NF-κB and the expression
of COX-2. Thus, GDHBA suppressed the damage in HDFs by regulating oxidative and
inflammatory responses under TNF-α-stimulated conditions. Although additional experi-
ments are needed to understand the effects of GDHBA on skin damage, it is a potential
agent that can ameliorate skin damage and prevent anti-inflammatory effects.
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Abbreviations

DMSO Dimethyl Sulfoxide
ECM Extracellular matrix
ELISA Enzyme-linked immunosorbent assay
FBS Fetal bovine serum
HDFs Human dermal fibroblasts
MAPK Mitogen-activated protein kinase
MMP-1 Matrix metalloproteinase-1
NOS Nitric oxide synthase
PG Prostaglandin
PVDF Polyvinylidene difluoride
ROS Reactive oxygen species
SEM Standard error of mean
TNF-α Tumor necrosis factor-alpha
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